The lone star tick, Amblyomma americanum, is a disease vector of significance for human and animal health throughout much of the eastern United States. To model the potential effects of climate change on this tick, a better understanding is needed of the relative roles of temperature-dependent and temperature-independent (day-length-dependent behavioral or morphogenetic diapause) processes acting on the tick lifecycle. In this study, we explored the roles of these processes by simulating seasonal activity patterns using models with sitespecific temperature and day-length-dependent processes. We first modeled the transitions from engorged larvae to feeding nymphs, engorged nymphs to feeding adults, and engorged adult females to feeding larvae. The simulated seasonal patterns were compared against field observations at three locations in United States. Simulations suggested that 1) during the larva-to-nymph transition, some larvae undergo no diapause while others undergo morphogenetic diapause of engorged larvae; 2) molted adults undergo behavioral diapause during the transition from nymph-to-adult; and 3) there is no diapause during the adult-to-larva transition. A model constructed to simulate the full lifecycle of A. americanum successfully predicted observed tick activity at the three U.S. study locations. Some differences between observed and simulated seasonality patterns were observed, however, identifying the need for research to refine some model parameters. In simulations run using temperature data for Montreal, deterministic die-out of A. americanum populations did not occur, suggesting the possibility that current climate in parts of southern Canada is suitable for survival and reproduction of this tick.
winter air temperatures are not limiting on the survival of this species (Brunner et al. 2012) . It was hypothesized, however, that effects of temperature on rates of development determine survival: the colder the environment, the longer the lifecycle and the less likely is a larval tick to survive to a mated adult stage (Ogden et al. 2005) . By incorporating temperature-development relationships for each tick stage, and accounting for limited temperature-independent, day-length determined diapause, the model was developed to capture the seasonality of the tick and, as a consequence, provide a realistic, location-specific estimate of the length of the tick's lifecycle (Ogden et al. 2005) . By incorporating field-observed daily per-capita mortality rates, the temperature suitability of a particular location for I. scapularis populations could be determined. This method of modelling has permitted the development of maps to predict future occurrence of I. scapularis with climate change (Ogden et al. 2006 (Ogden et al. , 2008 (Ogden et al. , 2014 ) that have proven robust in a number studies of validation against tick surveillance data (Ogden et al. 2010 , Leighton et al. 2012 , Bouchard et al. 2013 ).
Here we investigate whether similar methods can be used to predict future geographic spread of A. americanum with climate change. In general it is thought that the A. americanum life cycle length is similar to that of I. scapularis (i.e., between 2 and 3 years; Hair and Howell 1970 , Koch 1984 , Bouzek et al. 2013 , and previous modeling studies have incorporated estimates of climate change effects to simulate survival and abundance at different locations, habitats, and host ranges and densities in the United States Mount 1987, Mount et al. 1993) . Attempts to validate model outcomes by comparing simulated and observed seasonality were attempted in two locations (Oklahoma and Kentucky-Tennessee) (Mount et al. 1993) .
It has been demonstrated that temperature and day-length both influence development, survival and activity of A. americanum, in both laboratory and field. These processes have been incorporated in the development of mathematical models representing the A. americanum lifecycle (Haile and Mount 1987 , Mount et al. 1993 , Gaff 2011 , Gaff and Nadolny 2013 . However, of the extent to which development of A. americanum depend only on temperature rather than on day-length-dependent diapause will determine to what extent the lifecycle length of this tick species may be impacted by a warming climate.
There is still uncertainty about the degree to which different types of temperature-independent diapause operate during the tick's life cycle. Here we define diapause as effectively a genetic trait for an anticipated arrest of development or activity that arises according to internal programing of the tick, often being switched on by or switched off by some factors such as day-length that signals approaching unfavorable conditions. This is in contrast to inactivity (or quiescence) that is solely arrested development or activity due to direct impacts of adverse environmental conditions (usually temperature or humidity) on the necessary metabolic processes of the tick (Belozerov 2008) . It is thought that diapause has evolved to synchronize tick activities with favorable conditions and to allow ticks to be in a more resistant stage (i.e., non-active) during unfavorable temperatures (Belozerov 1982) . There are two forms of diapause: 1) behavioral diapause, which is induced inactivity of unfed ticks that would otherwise be exhibiting host-seeking behavior (which is different from what we term inactivity that is simply the lack of activity of the tick a certain day because of unfavorable temperature) and 2) morphogenetic diapause, which is arrestation of development, independent of temperature, of engorged ticks (Belozerov 1982) . Any temperature-independent diapause acting on the A. americanum lifecycle would need to be accounted for in attempts to assess effects of climate change on survival of this tick.
Here we use a simulation modeling approach to explore the different possible diapause effects acting on the A. americanum lifecycle at specific locations in United States for which we have observed data on seasonal activity of this tick. Our objective was to discover the relative contributions of the two forms of diapause, the consistency of their contribution to the lifecycle in different locations in North America, and whether or not populations of this tick could survive in southern Canada.
Materials and Methods

Model Development
To explore the role of diapause in the life cycle of A. americanum, three independent submodels were created in STELLA 10.0.2 for Windows software (High Performance Systems, Inc, NH) to represent the development of the tick from larvae to nymphs (submodel A), nymphs to adults (submodel B) and adults to larvae (submodel C) ( Fig. 1) . The three submodels simulate the three main transformation steps of the tick's life cycle to produce estimated numbers of feeding, developing, quiescent and host-seeking ticks present in a particular location according to environmental conditions of that location. Each transformation starts with the feeding state of stage 1 and ends with the feeding state of stage 2, going through the engorged, hardening and questing behavior in between. These different stages are represented by, respectively, four, four, and six mutually exclusive states, depending on the submodel (illustrated as compartments in Fig. 1 ). Each state, eggs, hardening larvae (HL), nymphs and adults, questing larvae (QL), nymphs and adults, feeding and engorged larvae (EL), nymphs, and adults, and egg-laying adult (ELA) females, represents a specific step in the life of the tick. Ticks move from each state to the next following a sequence that represents their natural development (from engorged ticks of one instar to questing ticks of the next), hostfinding activity (from questing to feeding ticks of the same instar), and drop-off from the host (from feeding to engorged, developing ticks). The submodels were designed to be capable of simulating A. americanum populations in specific geographic locations by using seasonally variable temperature and day-length data from those locations (all other variables were assumed to be constant throughout the year). The temperature has an impact on duration with which ticks remained resident in the egg and engorged tick states and on questing tick activity, whereas day-length has an impact on questing adult and nymph activity only. STELLA calculates changes at one step per time unit using simulation of differential equations by an approximate integration process (Peterson and Richmond 1997) . Part of the equations describing the rates of change of each state have notation as for differential equations. Some have notation as for difference equation because they contain predictions for tick development events, which have an absolute resolution of 1 d. Model parameters are described in 
Rate of change in the number of HL
DHL=Dt ¼ E tÀq À HL tÀr À l hl Ã HL For the validation of the entire model with selected diapause types, we reconstructed a global dynamic population model for A. americanum by joining the three submodels. The global model (Fig. 2) puts the submodels together, simulating the entire tick life cycle from HL through QL, feeding larvae (FL), EL, similar stages for nymphs and adults, ending in oviposition by ELAs, egg production, and eclosion. The equations above govern movement between states, based on values obtained (unless otherwise indicated) from field and experimental results (as indicated in the Model calibration section). Possible effects of temperature and day-length are indicated by arrows in Fig. 2 .
Model Calibration
Reproduction and Interstadial Development Rates
The maximum number of eggs produced by each engorged adult female was set at 6,000 (Sacktor et al. 1948 , Drummond et al. 1971 , Koch 1983 . We calculated the duration of development (in days) for a tick commencing development on each day of the year using an algorithm developed in R (version 2.15.3, The R Foundation for Statistical Computing) (Supp Fig. 1 [online only]) and based on the laboratory experiment data available from Koch (1983) on the relationship between temperature and tick development. The duration of development values were entered into the models as variable time delays in the flow between instars, e.g., the number of nymphs molting on a particular day equals the number of larvae that engorged (EL) on day t-s (EL t-s in the equations) (minus ticks that die according to per-capita daily mortality rates m) where s is the calculated interval between engorgement day and molting day. This same method was used for the preoviposition period (POP: the period between adult female engorgement and egg-laying), the pre-eclosion period (PEP: the period between commencement of egg-laying and larval hatching), the larva-to-nymph development, and the nymphto-adult development. Oviposition duration of egg-laying females was set at 15 d (Hooker and Bishopp 1912 , Lancaster 1955 , Drummond et al. 1971 ). In the models, no host finding was allowed during a postmolt cuticule hardening period, which was held constant at 5 d for larvae (Loomis 1961) , 7 d for nymphs (Loomis 1961 , Gladney et al. 1970 , and 14 d for adults (Loomis 1961 , Gladney et al. 1970 ). Per-capita egg production by egg-laying females (6000)
Diapause Modeling
Morphogenetic and behavioral diapauses were both considered in our models. To model morphogenetic diapause, all the engorged ticks entered morphogenetic diapause on the same day and then all molted on the same day, which was the day predicted by the temperature-development relationship for ticks of the same stage that completed feeding on 31 December of that year (Supp Fig. 1 [online only]). The assumption underlying this approach was that increasing day-length following the winter solstice terminates diapause, and thereafter the time to molting depends on temperature alone (Tauber and Tauber 1976, Belozerov 2009 ). We have used 31 December instead of 21 December for simulation simplicity: we expect the temperature between these two dates typically remains below zero, in which case the choice of date has no effect simulation outputs. To model behavioral diapause, all ticks that end their postmolting hardening period enter behavioral diapause, a state they leave on 1 January of the following year (Supp Fig. 1 [online only]). After this time, whether and when they restart their activity as questing ticks depends on temperature only for larvae, or for both temperature and day-length for nymphs and adults. The exact linear relationship between activity and the environmental variables (temperature and day-length) is described in the following section.
Host-Finding Rates, Feeding, and Drop-Off
The natural range of tick hosts of A. americanum (Cooney and Burgdorfer 1974; Patrick and Hair 1977; Koch 1981; Hair and Bowman 1986; Zimmerman et al. 1987 Zimmerman et al. , 1988 Bloemer and Zimmerman 1988; Kollars et al. 2000; Paddock and Yabsley 2007) was simplified in the submodels to a medium-sized mammal population (e.g., raccoons) for immature ticks and to a large-sized mammal population (e.g., deer) for adult ticks. No direct impact of host body size is modeled in the model, although it is assumed that the smaller the host body size, the higher is its density in the tick's environment. The host-finding probability of questing ticks varied according to host type and by the host finding rate k. Initial simulations using a value for k chosen arbitrarily from previous modeling studies for adult and immature ticks (there being no quantitative data on hostfinding rates for A. americanum) produced unrealistically short (1-2 mo) activity periods for nymphal ticks due to overrapid host finding in simulations described below. Each simulation described below was repeated with reducing lambda values (0.51; 0.4; 0.3; 0.2) to a point (0.1) at which the simulated values fit the observed values, assessed as the value giving the minimum difference between observed and predicted values. Host densities were held constant throughout the year. According to the literature, temperature and day-length are the primary environmental variables controlling host-finding activity (Haile and Mount 1987) . Both of these variables were taken into account while calculating host-finding rates for adults and nymphs, but only temperature for larvae. The equation for the linear relationship between activity and the environmental variables was that described in Haile and Mount (1987;  Supp. Fig. 2 [online only]), as was the sum of the fractional activity rates due to temperature and day-length, that we assumed to be additive. The effect of day-length was allowed to have negative values to subtract from the effect of temperature with short day-length; however, the overall rate was restricted to positive values or zero if the temperature effect was zero.
Once ticks attached to a host, they fed for a period set as fixed time delays between the feeding and the engorged states for each instar (Hooker and Bishopp 1912 , Sacktor et al. 1948 , Lancaster 1955 , Loomis 1961 , Troughton and Levin 2007 (Table 1) .
Mortality Rates and Density-Dependent Effects
Mortality rates were applied to each state except egg-laying females, which were assumed to all die after 1 d (Table 1) . Questing ticks, engorged ticks, hardening ticks, ticks in behavioral diapause and eggs were subject to constant, daily per-capita rates of mortality (Koch 1984, Haile and Mount 1987) . Density dependent mortality rates were applied to feeding tick stage. The density-dependent Table 1 .
effect, which increases mortality of feeding and developing ticks and reduces fecundity of adult females, was included to represent the grooming behavior and acquired host resistance to ticks Mount 1987, Willadsen and Jongejan 1999) . We assume that density-dependent processes that could affect tick mortality rate impact tick mortality only when the ticks are feeding on hosts. The number of eggs produced per ELA female was reduced in a densitydependent manner, so as to give a maximal 50% reduction in fecundity associated with tick resistance.
Model Simulations
Model simulations were used to investigate potential effects of diapause types on the seasonality and abundance of A. americanum.
Investigation of the Diapause Types
For this first series of simulations, we used the three submodels representing the transformations from one instar to the next. The variable model inputs were the climate and day-length data for each of three geographic locations in the United States, for which field data on the seasonality of A. americanum ticks were available as described in the following. All the day-length data were extracted from the Astronomical Applications Department of the United States Naval Observatory website (http://aa.usno.navy.mil/data/, last accessed 14 October 2015) and the mean monthly temperatures for each weather station were obtained from the National Climatic Data Center of the National Oceanic and Atmospheric Administration (http://www. ncdc.noaa.gov/cdo-web/, last accessed 14 October 2015). When air temperatures were recorded as 0 C or below, we assumed that tick development stops. Subzero air temperatures were not considered lethal to ticks because snow and litter layer cover likely act as insulators against subzero winter temperature (Burks et al. 1996) .
All the field data used were monthly point estimates of questing or feeding tick density, obtained by standardized sampling for each instar (with the exceptions noted above). To use the data to develop submodel start points for each simulation, and for comparison of observed data with outputs for the model simulations, we extrapolated the monthly point density estimates to obtain a daily estimate by using a simple linear interpolation between adjacent points (Supp Fig. 4 [online only] ).
The objective of each simulation was to see whether we could simulate the observed pattern of seasonal activity of one instar using the observed pattern of seasonality of the preceding instar (larvae for nymphs, nymphs for adults and adults for larvae) as a starting point. Comparison of model outputs against observed data were not only made by eye but also by the criteria of the scenario with the lowest cumulative difference between the interpolated observed and model-predicted values and the highest correlation coefficient. For these analyses, the raw interpolations of observed data and model outputs were converted into proportions, for each day of the year, of the total annual number of ticks.
Development from one instar to the next could happen in the same year, or, after overwintering, from one year to the next. Some ticks that do not find a host in the first year may survive overwinter and quest again the following year and contribute to that year's pattern of seasonality for that instar. Therefore each submodel was preloaded with engorged ticks of the first instar distributed across the days of the year according to the interpolated pattern of seasonality obtained from field observations. It was assumed (as supported by data from Winchester, TN) that the seasonal patterns of questing ticks and feeding ticks of the same instar on hosts are the same. Each submodel was preloaded in this way for 2 yr to account for 1) development within 1 yr, 2) development that takes place from 1 yr to the next, and 3) overwinter survival of some ticks. With each submodel preloaded, we then ran several simulations, using temperature alone as a determinant of development of ticks from one instar to the next and of host-seeking activity, or with combinations of temperature-independent morphogenetic and behavioral diapause as described in the following.
For the larva to nymph submodel, we simulated the following scenarios: no diapause, morphogenetic diapause for EL, behavioral diapause for questing nymphs and a mixed scenario: half of the population with no diapause and the other half with morphogenetic diapause of EL. For the nymph to adult submodel, we simulated the following scenarios: no diapause, morphogenetic diapause for the engorged nymphs and behavioral diapause for the questing adults. For the adult to larva submodel, we simulated the following scenarios: no diapause, morphogenetic diapause of eggs, and behavioral diapause of QL. We repeated all these simulations for the four field data series: Winchester 2010, Winchester 2011, Crossville 2009, and Mount Holly 2011.
Development and Validation of a Global Model
Having identified combinations of temperature and diapause effects operating in the A. americanum life cycle suggested by simulations of the submodels, we developed a global model that included all the suggested diapause effects to simulate the entire lifecycle (Fig. 2) . To validate this model we ran simulations for three additional locations in the United States, for which data on A. americanum seasonality have been published.
Simulations were run with tick development rates and activity calculated from the data from three different regions in the United States. Climate data were obtained from the climate stations closest to the tick data collection sites, and day-length data were obtained from the Astronomical Applications Department of the U.S. Naval Observatory website (http://aa.usno.navy.mil/data/, last accessed 14 October 2015). Mean monthly temperature data were obtained from the National Climatic Data Center of the National Oceanic and Atmospheric Administration (http://www.ncdc.noaa.gov/cdoweb/, last accessed 14 October 2015).
Using the starting values as for the submodels (Table 1) , and a population of 10,000 questing adults at t 0 to initiate the tick population, we ran the model using site-specific temperature and day-length data until it came to a cyclical equilibrium. We then compared outputs (feeding tick density of each instar) to field data collected at the three sites in United States. We first compared the full model against the data used to calibrate the submodels at the New Jersey sites, i.e., ticks collected by drag sampling every third week during the active season of 2011 at the Rutgers, Huber, and Parker locations near the city of New Lisbon in New Jersey.
We then compared model predictions against data from two other sites not used in calibration. These data comprised 1. Ticks collected by weekly drag sampling from mid-May to late July, 2003 in two adjacent shaded and sunny sites at the Kansas Ecological Reserves located 13 km north of Lawrence, Kansas, USA (Koch and Burg 2006) . The two study locations were sampled the same day each week, following five transects (100 m in length). This population was modeled using temperature data obtained from the Lawrence weather station (95 15 0 W, 38 58 0 N). 2. The average number of ticks per deer captured or hunted systematically each month during the periods March to November 1985 and March to October 1986 in the Land-Between-The-Lakes recreation area located in western Kentucky and Tennessee ). Three types of traps were used to capture deer: a Wisconsin-type deer box trap, a rocket net, and a drop net. Traps and net were used baited with salt year round. One week before and during trapping, shelled corn, and commercial sweet feed were added. Traps were set at the beginning of each month and operated continuously until six deer had been captured for the month. In addition to these methods, biologists from Tennessee Valley Authority and the Tennessee Wildlife Resources Agency shot deer in August of each year for abomasal parasite studies. The shot deer were also sampled for ticks immediately after they were shot. Temperature data were obtained from the University of Tennessee, Martin experimental weather station (88 51 0 W, 36 20 0 N).
In addition, we explored whether populations could survive (i.e., did not die out deterministically) in south eastern Canada by running simulations for five locations in Quebec province, following a roughly south-north transect: Montreal (45 31 0 N, 73 36 0 W), Quebec city (46 48 0 N, 71 W), Rimouski (48 27 0 N, 68 31 0 W), Chibougamau (49 46 0 N, 74 32 0 W), and Natashquan (50 11 0 N, 61 47 0 W). For this simulation day-length data were obtained from the Astronomical Applications Department of the U.S. Naval Observatory website (http://aa.usno.navy.mil/data/, last accessed 14 October 2015) and mean monthly temperature data were obtained from Environment Canada (http://climat.meteo.gc.ca/, last accessed 14 October 2015).
Using the submodel starting values (Table 1) climate and daylength data specific to the Montreal region and a population of 10,000 questing adults at t 0 to initiate the tick population, we ran the model until it came to a cyclical equilibrium.
Sensitivity Analysis
A local sensitivity analysis of output of the three submodels and the global model was performed. The sensitivity of outputs representing the seasonality of feeding ticks to a 5% increase and decrease of temperature and day-length was assessed for the larva to nymph and the nymph to adult models, and temperature alone for the adult to larvae model. The sensitivity of outputs representing the seasonality of feeding ticks to a 5% increase and decrease of all model parameters was assessed for the global model. For the three submodels, these outputs were the date feeding ticks were first observed in the year ("Start"), the date feeding ticks were last seen in the year ("End"), the maximum number of ticks observed ("Peak number"), and the dates that the maximum (i.e. peak) number of ticks were observed ("Date M x" ) (there were generally two or three peaks in a season). For the global model, these outputs were the date feeding ticks were first observed in the year ("Start"), the date feeding ticks were last seen in the year ("End"), the date the maximum number of ticks was observed ("Peak date"), and the kurtosis coefficient of the time series ("Kurtosis coef"). For the three submodels, to estimate whether the response of the models to changes in temperature and day-length values was similar whatever the input data were, we tested the behavior of the outputs following three input data scenarios: the baseline value (the input data directly extrapolated from the field density estimates of ticks collected near Mount Holly, NJ in 2011), the baseline value multiplied by 10 and the baseline value divided by two. For the global model, we tested outcome behavior using input data (temperature and day-length) from Mount Holly, NJ in 2011.The following comparative index was used to assess model sensitivity to input change (Keeling and Gilligan 2000) :
where V 0 is the value for the outcome variable without changes to input data (T o ) and V i is the value for the outcome variable with a 5% increase or decrease of input (T i ).
Results
Model Simulations
Investigation of the Diapause Types
In the three submodels, the type of diapause or combinations of types of diapause that produced the closest fit of simulated to fieldobserved tick activity data were explored, using assessment by eye and differences between interpolated observed and model-predicted values ( Table 2) .
1. Larva-to-nymph development. The observed activity period for feeding nymphs at all sampled sites was very wide, beginning in April and ending at the end of October with a peak of activity between June and July (Supp Fig. 4 [online only] ) and for the larva to nymph model, the diapause scenario that best fit the field data was the mixed scenario in which half of the ticks showed no diapause while the other half showed morphogenetic diapause of EL ( Fig. 3-6 ). The observed span and peaks of seasonal nymphal activity were mostly well simulated by this scenario, although simulated peak activity was 1 and 2 mo earlier than the observed data for Mount Holly and Winchester (2011) respectively ( Fig. 3-6 ). 2. Nymph-to-adult development. The activity period for feeding adults observed in the field data ran from the beginning of April to the end of July with a maximum density in May except for Crossville (TN), where the maximum density was later in June (Supp Fig. 4 [online only] ). In Winchester, additional peaks in activity were seen in fall November in 2010 (associated with ticks seen on deer examined at this time), and in early spring in 2011, associated with the earlier March sampling in this year (Supp Fig. 4 [online only] ). For the nymphs to adults model, the simulation scenario that best fit the field data was the scenario that included behavioral diapause for the hardening adults ( Fig. 3-6 ). In this scenario, the simulated peak fit well with the peak of adult density observed in the field. The model also predicted adult tick activity later in fall as observed by examination at Winchester in November and December 2010 (Fig. 4) . 3. Adult-to-egg "development". In the field data, the main activity period for larvae was reported late summer to autumn (July-October) with peak activity in September for all locations except for Crossville where peak activity occurred in August (Supp Fig. 4 [online only] ). A second small activity peak for larvae was observed in spring (April to May) in 2010, but not 2011, at the Winchester location (Supp Fig. 4 [online only] ). The diapause scenario for the adults to larvae model that best fit the field data was the scenario with no diapause of any kind (Fig. 3-6) , and inclusion of morphogenetic diapause for eggs resulted in deterministic die-out of the population (Fig. 3-6 ). In the "no diapause" scenario, the simulated peak fit well with the peak of larval activity observed in the field, but it predicted an earlier onset of larval activity (starting in June) compared with that observed in the field (starting in July), although at the Winchester site in 2010, larvae were collected in April-May (Fig. 4) .
Therefore our conclusion was that the types of diapause that best represent the life cycle of A. americanum for the locations tested are half of the EL showing morphogenetic diapause and the other half showing no diapause, all the hardening adults showing behavioral diapause and no diapause for eggs or nymphs (Table 2) . These diapause types were subsequently included in the global model.
Validation of the Global Model
With the model calibrated with diapause as described above, the model came to a steady cyclical equilibrium after approximately 20 years in Mount Holly, Land-Between-The-Lakes, and Lawrence.
The behavior of the model at eequilibrium, can be described as having the same peak values, and the same date when peak values occur, in each year when the model is parameterized using the same temperature and day-length data. For the Mount Holly simulations (Fig. 7) , the model closely predicted the seasonal activity pattern observed for all the three instars: the predicted peak of activity fit observed data for larvae (August-September), adults (end of April to end of June), and nymphs (June to mid-August) although the highest predicted peak was 3 wk before the observed peak for both larvae and nymphs.
For the Lawrence simulations (Fig. 7) , the predicted seasonal nymph activity pattern was similar to that for Mount Holly, but the peak was approximately 1 mo earlier in Lawrence than in Mount Holly, both for predicted and observed data. As for Mount Holly, the highest predicted peak of nymphal activity was approximately 1 mo earlier than the observed peak. Nymphal activity was predicted to start earlier in spring and end later in summer/early autumn than the period of data collection in the field (Koch and Burg 2006) , so this predicted span of activity remains to be validated by field data. The model predicted a period of adult tick activity with multiple peaks extending from early April to the end of July, which was broader than that predicted for Mount Holly. The observed activity of adults fell within this period although for nymphs, the predicted activity period, including a second predicted peak of adult tick activity in September, was longer than the period of field sampling for the ticks.
For the Land-Between-The-Lakes simulations (Fig. 7) , both predicted and observed tick activity were similar from 1 yr to another (1985 and 1986) . The predicted density peak for larvae was in August with an activity period lasting from May to September and the observed peaks occurred at or close to predicted peaks. Low numbers of QL were, however, collected before and after the predicted season. The predicted activity peak for nymphs occurred in May with an activity period lasting from March to October. The duration of seasonal nymphal activity was similar to the observed pattern although, as for Mount Holly and Lawrence, the predicted peak occurred approximately 1 mo before the observed peak. A small predicted late summer/early autumn peak of nymph activity was not observed although questing nymphs were collected at this time in both years. The predicted activity of adult ticks comprised a main period of activity from March to late August, which closely matched observed data. A smaller September-October peak of activity was predicted but was not observed although small numbers of questing adults were collected in the field at this time in both years.
In simulations using temperature and day-length data for Montreal, populations did not die out, raising the possibility of A. americanum establishment at this latitude, and the simulated seasonal activity pattern was similar to that for sites in New Jersey (Fig. 8) . For all the other simulations done with temperature and day-length of Québec city, Rimouski, Chibougamau, and Natashquan, the populations were not able to persist (there were zero ticks at equilibrium), suggesting the possibility that the climate conditions were not appropriate for the ticks at these locations.
Sensitivity Analysis
All submodel outcomes had limited sensitivity to small (5%) changes in temperature or day-length (Supp Fig. 5 [online only] ). For all submodels the peak number of ticks was unaffected by small changes in temperature or day-length. The end date of activity was (TN, 1985) ; and (d) Land-Between-the-Lakes (TN, 1986) . The mean monthly temperature and the day-length are the ones from the same year and the same location. The simulations are shown as line graphs and the observed data as bar charts. No field data for larvae were available for Lawrence (KS).
advanced in the year with decreasing temperature in the nymph-toadult model but unaffected in the other models. The timing of the maximum peak in tick abundance was the most sensitive parameter in all models, being slightly later in the year with decreasing temperatures and slightly earlier in the year with increasing temperatures (with the exception of the nymphs in the larva-to-nymph model). Decreasing day-length delayed the onset of nymphal and adult tick activity in the larva-to-nymph and nymph-to-adult models, respectively, and the inverse was also observed but to a lesser extent. With decreased day-length the peak activity of nymphs in the larva-tonymph model was slightly later in the year, while increased daylength had the opposite effect. However, with decreased day-length the peak activity of adults in the nymph-to-adult model was slightly earlier in the year, while increased day-length had the opposite effect. There was no great variation in the sensitivity of the submodels with changes in the input number of ticks according to the three scenarios. Overall the phenology of the submodels had limited sensitivity to small changes in temperature and day-length with the maximum observed change in a value being a 7-d change in the timing of peak nymphal activity.
In general, the global model outcomes (beginning and end of the activity season, feeding tick density peak date, and kurtosis coefficient of the feeding tick density curve) had limited sensitivity to small (5%) changes in all the model inputs (baseline parameters, temperature and day-length) (Supp Fig. 6 [online only] ). The only exception concerns the impact of duration of the feeding period (x -Table 1) on the end of the activity season for the adults and on the date of the peak of feeding adult density. The x impact, comparable to temperature and day-length impact, is also limited to the adults. Small changes of all model inputs seem to have an impact on the shape of the feeding tick density curves. This is shown by the nonnegligible but uniform impact of input changes on kurtosis coefficient, which measures the "peakedness" of the distribution and the heaviness of its tail. However, these modifications should not be considered as an issue for our work, as long as the general shape of the feeding tick density curve maintains the same number of modes (one peak and two tails).
Discussion
In this study, we have investigated the types of diapause that operate in the life cycle of the lone star tick A. americanum to better simulate and predict the survival and seasonal activity of A. americanum populations in different geographic locations and under different climatic conditions. Comparisons of simulations against field-observed data suggest that complex and likely climate-independent patterns of behavioral and morphogenetic diapause operate in the lifecycle as well as climate-dependent effects on tick activity and development. These climate-independent factors will need to be accounted for in any future attempt to assess possible effects of climate change on A. americanum population survival.
Our simulations suggest that for the transition from EL to hostseeking nymphs, part of the population shows no diapause and part shows morphogenetic diapause. We wanted to test for such a mixed diapause scenario in our tick life cycle, because such bet-hedging strategies in tick and insect species may be a common way to deal with variable environmental conditions for overwintering (Hopper 1999 , Simons 2011 . The ability of A. americanum to show a mixture of members of the same population that show different propensities for temperature-independent diapause is recognized, and it has been demonstrated that different responses to day-length comprise a heritable trait in A. americanum (Pound et al. 1993) . This propensity may be more widespread among different tick species Fig. 8 . Simulation of the seasonality of larvae, nymphs, and adults of Amblyomma americanum, generated by the global model using mean monthly temperatures and day-length from Montreal (QC, Canada, 2013) . (Belozerov 1982) . There is some evidence that both types of diapause behavior occur in the field although behavioral diapause seems to be the more frequent. In Oklahoma, by tracking a tick population at different life stages in different environments, it was demonstrated that the preferred developmental strategy for larvae was to feed and molt in the same season (consistent with behavioral diapause) (Koch 1984) . In Arkansas and Oklahoma, nymphs were observed to overwinter unfed (Lancaster 1955) , which is again consistent with behavioral diapause. However in Oklahoma, some EL overwintered, suggesting the possibility of morphogenetic diapause (Robertson et al. 1975) . Our best fit scenario does not perfectly fit the observed data in Oklahoma and Arkansas, but it nevertheless demonstrates that the overwintering strategy of A. americanum for the larva to nymph transition stage is complex and that different strategies could occur in different geographic regions.
Comparison of our simulations with observed data suggests that recently molted adults show behavioral diapause, which with temperature effects on development and activity, determine the phenology of questing adults. No evidence for temperature-independent diapause was found for the processes of egg production, development, and eclosion into host-seeking larvae. These findings are consistent with literature: in both Arkansas and Oklahoma, where it has been observed that adult ticks mostly overwintered unfed, which is consistent with behavioral diapause (Lancaster 1955 , Robertson et al. 1975 ). However, in laboratory studies in Ohio behavioral diapause was not seen in adult ticks exposed to altered temperature and day-length (Stewart et al. 1998) . Again, the best-fit scenario of our model was consistent with some observations, but the reality of tick behavior in the field may be more complex.
The sensitivity analysis we conducted on the global model supports the fact that the most important inputs in our model to predict tick dynamics were temperature and day-length. Here, our objective was to assess the degree to which the predicted seasonal pattern would vary with small changes in the main determining parameters (temperature and day-length), because if small changes in these variables resulted in large changes in the observed pattern, then the robustness of any conclusions regarding the best fit of predicted to observed patterns would be questionable. In fact the global model and the submodel outputs had a relatively limited sensitivity to small changes of temperature and day-length. The variable that was most sensitive was the timing of peak activity of ticks in the submodels and the global model (for nymphs only) and the beginning of the activity seasons for nymphs and adults in the global model. In validation against observed data, the predicted peak of nymphal activity was frequently several weeks ahead of the observed peak, so this suggests the need for further exploration and refining of the effects of temperature on A. americanum activity and development, with a focus on nymphs.
In general, the global model simulations fit well with the observed data. Predicted and observed seasonal activity patterns were broadly similar at different sites with peaks of larval activity in late summer, and peaks of nymphal and adult activity in spring or early summer. In all locations there was a wide predicted and observed period during the year outside the peak periods when ticks of each instar were active. In warmer southern sites, onset and peaks of predicted and observed activity were earlier in the year, and in the warmer southern sites peaks of adult tick activity were particularly broad. Predicted peaks of activity of nymphal ticks were often some weeks earlier than observed peaks, possibly due to slight inaccuracies in parameterisation of temperature effects on activity or development as suggested above. Peaks of adult tick activity predicted for late summer/autumn were not observed in the Land-Between-the-Lakes location on the Tennessee and Kentucky border. The reasons for this require further study as the field data collected in Tennessee used to select the diapause pattern for modelling the transition from engorged nymphs to questing adult ticks did show a peak of adult tick activity at this time.
Our simulation for the Montreal region suggests that A. americanum populations could survive in southeastern Canada, which is not surprising because parts of Canada are not very much farther north than the most recent records of established populations of this species (Springer et al. 2014) . However, there is no evidence to date that A. americanum is becoming established in Canada, as these ticks have not been found in a wide range of field studies (e.g. Ogden et al. 2014) . The other simulations for locations in Canada, north of Montreal, suggest that tick populations are not able to persist in these locations, which in turn suggest that Montreal city is located at the frontier between climatically suitable and unsuitable regions for A. americanum, and comprises a "transition zone" where populations of this tick could establish but have not yet done so. Field studies conducted close to the frontier with Quebec suggest that overwintering still seems to be an issue for this tick species: this species was formerly abundant from the New Jersey pine barrens south, but became abundant on Long Island New York and on Prudence Island in Narragansett Bay (RI) starting about 1990 (Mather and Mather 1990, Ginsberg et al. 1991) . Twenty-five years later, this species is still abundant on Long Island and Prudence Island, but not on mainland Rhode Island. Many hypotheses might explain these observations: overwintering mortality of immatures could prevent further northern spread on the mainland, but would be less of a problem on islands with the moderating maritime influence. Perhaps also the NY metropolitan area serves as a barrier to further northern spread (although immatures of this species have been collected from migratory birds , Scott et al. 2001 ).
In conclusion, this work has allowed us to explore and identify diapause forms used by the tick A. americanum on the field, and to develop a dynamic population model for A. americanum. Being a process-based model, this work explicitly accounts for the biological processes of the tick's life cycle, and further studies on the model parameters and additional validation of model outputs would be required to improve confidence in its predictive power and its generality. Nevertheless, our study has provided a parameterized model that we may use with more confidence to predict current and possible future distributions of A. americanum in Canada. Given that our initial simulations suggest some areas of climatic suitability in Canada, continued surveillance for this tick may be prudent in Canada to alert public health to the possible emergence of populations of this tick and the pathogens it transmits. sampling permits and access to our Winchester and Crossville sites. Use of trade or product names does not imply endorsement by the U.S. Government.
